Fluorescence microscopy is characterized by low background noise, thus a fluorescent object appears as an area of high signal/noise. Thermal gradients may result in apparent motion of the object, leading to a blurred image. Here, we have developed an image processing methodology that may remove/reduce blur significantly for any type of microscopy. A total of ~100 images were acquired with a pixel size of 30 nm. The acquisition time for each image was approximately 1 second. We can quantity the drift in X and Y using the sub pixel accuracy computed centroid location of an image object in each frame. We can measure drifts down to approximately 10 nm in size and a drift-compensated image can therefore be reconstructed on a grid of the same size using the "Shift and Add" approach leading to an image of identical size as the individual image. We have also reconstructed the image using a 3 fold larger grid with a pixel size of 10 nm. The resulting images reveal details at the diffraction limit. In principle we can only compensate for inter-image drift -thus the drift that takes place during the acquisition time for the individual image is not corrected. We believe that our results are of general applicability in microscopy and other types of imaging. A prerequisite for our method is the presence of a trackable object in the image such as a cell nucleus.
INTRODUCTION
During time-lapse imaging of biomolecules, an important technique in biology, where recording takes several minutes or an hour, drift of the image may be significant. 1 Many researchers found severe focus/thermal drift in their Z-drive/X-Y drive. Drift is the system movement over time and is primarily due to changes in temperature. This inherent drift in microscopy makes the comparison of sequential images difficult. Microscopes may be placed in incubation chambers which can reduce the drift to ~100 nm/hr. The microscope system may be placed in a temperature controlled environment if further stability is required, but this introduces additional costs. In practice many microscopes are placed in a non-ideal environment and they display a significant drift. This drift is mostly caused by the thermal expansion of the microscope components in response to variations of the temperature of the environment. The motion can be a mixture of smooth thermal expansion and/or abrupt positional changes due to slip/slide motion due to frictional obstacles. We have measured the focal position of a microscope objective which alone drifts by typically 1 micron per degree of temperature change. Thus, a 0.01°C temperature variation results in a 10-nm change in the recorded image. This is crucial for super-resolution imaging where positioned information of the same order of magnitude is sought. 2 Therefore, in order to be able to compare images, the drift must be known and the drift corrected images should be superimposed. Different methods have been used for drift correction in microscopy through the implementation of drift-correction algorithms. Fiduciary markers like gold nanoparticles, quantum dots or fluorescent beads have been introduced in the field of view. [2] [3] Observing the markers over the entire time course, drift compensation is achieved by a simple shift and add image registration. For static structures, subpopulation of probe molecules recorded in different time windows are correlated with one another. During image processing, molecules localized with fewer detected photons result in poorer localization precision which affect the localization based drift correction. In addition to that, localization of probes fails to distinguish between images of single and multiple probes that are placed within a diffraction-limited area. Here we present a novel image processing method for drift correction based on the presence of a trackable object in the image. Such an area can be tracked in a stack of images of the same object. For each object a centroid is computed. The centroid location is given with sub-pixel accuracy. Since the centroid information has sub-pixel accuracy, we can now reconstruct a super-resolved image that is drift-compensated. In principle we can only compensate for inter-image driftthus the drift that takes place during the acquisition time for the individual image is not corrected. Therefore the total acquisition time per individual image has to be small. In our case we used a 1 second acquisition time, resulting in an estimated thermal drift of < 5 nm. Motion filtering may be applied at the individual image level.
MATERIALS AND METHODS

Sample set-up
MDA-MB-435S melanoma cells (American type culture collection) were grown in an adequate culture medium at 37ºC in 5% CO 2 until 80% confluence. After that, they were fixed with absolute ethanol (4ºC, for 30min) and acetone (-20ºC, for 5min) subsequently and then washed twice with 10 mM phosphate buffer saline (PBS), pH 7.4. The fixed cells were incubated with 5 µg/ml Hoechst 33342 in PBS for 30 min at 37ºC, and then washed twice with PBS. To evaluate our drift correction algorithm, we acquired a stack of 100 images of a MDA-MB-435S melanoma cells in PBS stained with Hoechst 33342. In this system, Hoechst 33342 binds preferentially to adenine/thymine rich regionsof DNA in the nucleus, only weakly interacting with other cellular components.
Fluorescence microscope set-up
Images were acquired using Zeiss LSM 780 dichroic based confocal laser scanning module with 63X 1.3 NA oil objective and 405 nm laser line. It uses 32-channel GaAsP detector with a typical quantum efficiency of 45%. Definite focus system directly coupled to the nosepiece carrier directs infrared light into the beam path of the Axio observer Z1 inverted research microscope, which effectively counteracts drifting in the Z-direction. The microscope stage is enclosed in an environmental chamber allowing for control of temperature. Thermal drift in XY direction with time was induced by allowing the temperature of the incubation chamber to equilibrate to 22ºC and then to increase to a target temperature when the image acquisition started. A total of ~100 images were acquired with a pixel size of 30 nm. The acquisition time for each image was approximately 1 second (Scheme-1). Scheme 1. Schematic diagram of the data acquisition cycle. Each frame was acquired for 1s and that 12s interval time was maintained throughout the experiment in order to keep definite focus in work.
The cell nucleus was centered in the initial image. In response to the thermal drift the location of the nucleus changed from image frame to image frame. In order to analyze the images we wrote a suite of functions using MATLAB v2012. The exact location of the nucleus was determined by converting each frame to a black and white (BW) image, and performing morphological image processing functions on the BW image. Hole filling, dilation and erosion were used. The centroid of the resulting BW image was determined with sub-pixel accuracy. 3 different reconstruction strategies were followed: 1) simple superposition, i.e., all images were simply added without correcting for image drift. The resulting image illustrates the quality deterioration associated with a lengthy acquisition in the presence of thermal drift, 2) "shift and add" i.e. shifting each image an integral number of pixels in x and y corresponding to the shift in centroid location and then adding them to the initial image, 3) super-resolution reconstruction, where the sub-pixel accuracy of the centroid location is utilized. The latter method reconstructs the image on a grid with 3 times higher (10 nm) resolution. 3 For each pixel in the image frame, its overlap with pixels in the high resolution frame was calculated. The intensity was distributed into the smaller pixels according to the fractional overlap. 2-5 times super-resolution is possible with images of macroscopic targets if many low resolution images are available for the reconstruction. For images of microscopic targets we expect the diffraction limit to be a fundamental limit for the achievable resolution. The final step in our image processing was a deblurring step, using Tikhonov regularization with L0 norm. 
RESULTS AND DISCUSSION
The interpretation of data from time-lapse images are complicated by two main factors: (i) the presence of drifts makes it difficult to compare fluorescence images acquired at different times, (ii) the accurate identification of specific morphological/fine details due to blur introduced by the thermal drift. Here we describe an approach to correct for thermal-drift problems that occur in fluorescence microscope (XY direction). To automate drift correction we developed X Drift (pixels) the software tool using Matlab. The basic method for the measurement of drift involves tracking a number of fixed features in the sample. Here, we employ a method to track a fluorescent object that appears as an area of sufficient signal/noise. In a stack of images, for each object a centroid is computed. Since the centroid information has sub-pixel accuracy, we can now reconstruct an image that is drift-compensated. For the each image, drift can be measured by tracking the centroid of the object. This method is applicable only when the objects are segmentable from the rest of the image and are not in contact with the image frame. In the case of our experiment, we used a cell nucleus as our segmentable object. The drift control experiments were performed using a Zeiss LSM 780 confocal microscope in a controlled temperature environment. Temperature change was controlled and monitored using the Zeiss sensor, with a change of 0°C, 1°C, 2°C, 3°C in temperature setting throughout a typical cycle of 32 minutes. In order to properly determine the drift behavior, the image was collected from the same sample using the same experimental conditions except for the temperature during the experiment (32 minutes). All our measurements were carried out after 2 hours equilibration of the entire microscope system. The drift quantification was obtained through a specifically developed Matlab programme as mentioned in the materials and methods section. The technique is based on localization of the segmentable object followed by a "Shift and Add" operation. For example, Fig.1 (A), (B), (C), (D) are the recorded images of a nucleus by a Zeiss microscope at different points in the data acquisition cycle. The object drifted from (7.64, 7.77) to (8.32, 10.24) in x, y directions of the sample frame (units in μm) during an interval of over 30 minutes during 3°C temperature gradient measurement (the scanned area is 15.36 x 15.36 μm). Hence the drift that affects a time-lapse image can be quantitatively measured and compensated for in order to enhance the quality (reduce the temperature induced blur). Fig. 2 shows measurement of drift in x and y directions of our time-lapse fluorescence measurement over 32 minutes. Fig. 3 shows the results from 3 different time-lapse experiments, with super-resolved images constructed using the shift and add algorithm based on drift results in x and y directions for each experiment. The different temperature gradient experiments are also included in the figure for comparison. The experiments were conducted with the same settings of excitation source, filters, scan speed, time interval, pixel size, etc. The presented data represent a small subset of the many different temperature gradient experiments we performed in order to represent the general thermal characteristics of our microscope system. All experiments showed that there is little correlation between the drifts in x and y directions and that the drift in x-y plane can be considered as a translation movement. The displacement along XY of our time-lapse images was calculated by finding the centroid of the segmentable object. We estimate that the measurement resolution of the displacement is about 10nm. !kir .rw The movement of the centroid in the 150 images is presented in figure 4 , as a function of frame number. The first 50 frames define the most critical lapse of time since most of the drift distortion occurs during the initial ~ 10 minutes, when most thermal variation takes place. One important term of comparison is the total stabilization time for different temperature gradient measurements is same. The higher resolution obtained in drift compensated super resolved image in figure 5 may be due to its ability to localize a large number of Hoechst 33342 within a diffraction limited spot by cycling the on and off in different pixel during time lapse measurement. Our method of obtaining super-resolution is different from those of the localization microscopies. Even though it is in a basic stage, there is much room for improvement. We believe with our drift correction method along with other super-resolution techniques, we can improve the resolution of the image in such a way to see the fine details hidden inside normal image.
CONCLUSION
We have developed a nm resolved method for determining the location of an object in e.g. a microscope image. The object has to be segmentable from the rest of the image. Recombining a large number of images using the location information we can reconstruct diffraction limited images of the object.
